Poly(ethylene furanoate) (PEF) is a fully bio-based polyester with unique gas barrier properties, considered an alternative to poly(ethylene terephthalate) (PET) in food packaging applications. However, it is not biodegradable. For this reason copolymerization with the aliphatic succinic acid monomer, was followed. The respective poly(ethylene furanoate-co-ethylene succinate) (PEFSu) copolymers were prepared via melt polycondensation from 2,5-dimethylfuran-dicarboxylate, succinic acid and ethylene glycol at different ratios.
Introduction
The global ecological problems which include the limited fossil fuels and the disadvantages that come with the widespread use of them (limited recyclability, relatively high cost and environmental impact) have led governments, academia and (in a lesser extent) industry to look for eco-friendly, alternative solutions. Bioplastics represent one of the most ambitious projects, since a lot of products have been grown over the last years and are focused on the use of renewable resources. Furanoatebased polyesters based on 2,5-furandicarboxylic acid are a viable candidate for the replacement of their naphthalate and terephthalate counterparts, since they originate from monomers derived straight from renewable resources like furfural and hydroxymethylfurfural. For this reason, several works have been dedicated on the detailed study of their production and properties for the use in a wide variety of applications . Of special importance are the unique barrier properties of PEF and furanoates in general which enable uses as green food packaging materials 11, 12, 19 .
Poly(ethylene succinate) (PESu) is a semi-crystalline aliphatic polyester, which has been attracting attention since it exhibits excellent biodegrability due to its hydrolysable ester bonds, stability and favorable mechanical properties [23] [24] [25] [26] . It can be synthesized by either ring-opening polymerization of succinic anhydride or by polycondensation of succinic acid and ethylene glycol 27 . PESu has been successfully blended with a number of polymers in an attempt to improve its physical properties and increase its biodegradation rates, such as poly(ε-caprolactone) 28 , poly(butylene succinate) 29, 30 , poly(octamethylene succinate) 31 , poly(decamethylene succinate) 32, 33 , poly(ethylene oxide) 34 , poly(ethylene terephthalate) 35 , poly(l-lactide) 26 , poly(diethylene glycol succinate) 36 , poly(ethylene adipate) 37 and others. The majority of those materials exhibit good compatibility in blends and improved biodegradation rates. That is the main reason why the specific polyester was carefully chosen in our attempts to prepare copolymers with PEF. In a similar work by Dubois and coworkers 38 involving a member of the furanoates family that was copolymerized, the authors successfully prepared poly(butylene succinate-co-butylene furandicarboxylate) (PBSF) copolyesters with high thermal stability and adequate mechanical properties, displaying a potential for replacement of commodity thermoplastics or elastomers.
Basic research on the relationship between structure, morphology, and properties as well efforts to understand the biodegradation mechanism will enable us to design and synthesize a great variety of biodegradable polymers to fulfill the demands in practical applications 39 . Biodegradation rate is undoubtedly one of the most important properties of aliphatic polyesters, since the widespread use of those materials in packaging applications (amongst others) has already caused various environmental problems. The enzymatic degradation of polyesters is sensitive to their chemical structure, the hydrophilic/hydrophobic balance within the main chain, molecular weight, the specific solid-state morphology, crystallinity, and so forth. As for crystalline structure and morphology the spherulite size and the lamellar structure can greatly influence the rate of biodegradation 39 .
Higher degradation rates can be achieved by copolymers compared to the homopolymers, and this is basically attributed to the limited crystallinity 40 . In most of the copolymers where both components are crystallizable, the degree of crystallinity decreases as the minor component content increases, due to incompatibility in crystal lattices of the two components [41] [42] [43] .
On the contrary, if the two crystallizable units are compatible in each crystal lattice, cocrystallization can take place. Two cases of cocrystallization behavior have been reported 41 . For components with similar chemical structure isomorphism may occur meaning that only one crystalline phase containing both comonomer units is observed at all compositions [44] [45] [46] . In isodimorphism two crystalline phases and pseudo-eutectic behavior are observed. Isodimorphism has been observed in most cases of random copolymers [47] [48] [49] .
In terms of the thermodynamic parameters and the cocrystallization of synthesized from 2,5-FDCA and methanol as described in our previous work 56 . All other materials and solvents used were of analytical grade.
Copolymer synthesis
Neat PEF and PESu polyesters were prepared by the two-stage melt polycondensation method (esterification and polycondensation) in a glass batch reactor as described in our previous works 57 . The copolymers under study have been synthesized with the same procedure using different DMFD/succinic acid feeding ratios (Table 1) and ethylene glycol from the beginning of esterification procedure. After the polycondensation reaction was completed, the polyesters were easily removed, milled and washed with methanol.
Polyester characterization

Intrinsic viscosity measurement.
Intrinsic viscosity [η] measurements were performed using an Ubbelohde viscometer at 30 o C in a mixture of phenol/1,1,2,2-tetrachloroethane (60/40, w/w).
Wide angle X-Ray diffraction patterns (WAXD).
X-ray diffraction measurements of the samples were performed using a MiniFlex II XRD system from Rigaku Co, with CuK α radiation (λ=0.154 nm) in the angle (2θ) range from 5 to 65 degrees.
Differential Scanning Calorimetry (DSC).
A TA Instruments TMDSC (TA Q2000) combined with a cooling accessory was used for thermal analysis. The instrument was calibrated with indium for the heat flow and temperature, while the heat capacity was evaluated using a sapphire standard.
Nitrogen gas flow of 50 ml/min was purged into the DSC cell. The sample mass was Isothermal crystallization experiments of the polymers at various temperatures below the melting point were performed after self-nucleation of the polyester sample.
Self-nucleation measurements were performed in analogy to the procedure described by Fillon et al. 58 . The protocol used is a modification of that described by Müller et al. 59 Experiments were performed to check that the sample did not crystallize during the cooling to T c and that a full crystallization exothermic peak was recorded at T c . In case that some other method was applied, this will be discussed in the corresponding part.
Enzymatic hydrolysis.
Polyesters in the form of films with 5x5 cm in size and approximately 2 mm thickness, prepared by melt-pressing in a hydraulic press at 30 o C higher than the melting point of each copolymer, were placed in petries containing phosphate buffer solution (pH 7.2) with 0.1 mg/mL Rhizopus delemar lipase and 0.01 mg/mL of Pseudomonas Cepacia lipase. The petries were then incubated at 50±1 o C in an oven for several days while the media were replaced every 5 days. After a specific period of incubation (every 5 days), the films were removed from the petri, washed with distilled water, dried under vacuum and weighted until constant weight. The degree of enzymatic hydrolysis was estimated from the mass loss of the samples.
Scanning Electron microscopy (SEM).
The morphology of the prepared films before and after enzymatic hydrolysis was examined in a scanning electron microscopy system (SEM) type Jeol (JMS-840). The films were covered with a carbon coating. Operating conditions included accelerating voltage 20KV, probe current 45 nA and counting time 60 seconds.
Polarizing Light Optical Microscopy (PLOM).
A polarizing optical microscope (Nikon, Optiphot-2) equipped with a Linkam THMS 600 heating stage, a Linkam TP 91 control unit and also a Jenoptic ProgRes C10plus camera were used for PLOM observations.
Results and Discussion
Synthesis and Molecular Characterization of the PEFS Copolymers
The PEF and PESu homopolymers along with the PEFSu copolymers were synthesized following the two-step melt polycondensation method. The feeding ratios between PEF/PESu monomers can be seen in Table 1 The degree of randomness (R) in the PEFSu copolyesters was calculated using the resonance peaks of the ethylene units' aliphatic protons (a). The degree of randomness is defined as 60 :
where P FS and P SF are the probability of finding a Furanoate (F) unit next to a Succinate (S) unit and the probability of finding a Succinate unit next to a Furanoate unit, respectively. Also f FF , f FS , f SF , f SS represent the dyads fraction, calculated from the integral intensities of the resonance signals FF, FS, SF and SS, correspondingly 61 .
L nS and L nF stand for the number average sequence length, the so-called block length, of the S and F units, respectively. For random copolymers the degree of randomness R should be equal to 1, while for alternate copolymers equal to 2 and for block copolymers close to zero. Table 1 shows the calculated values for the degree of randomness. Practically these were equal to 1, indicating that the PEFS copolymers in this work were essentially random.
The number average sequence length or block length for Furanoate (L nF ) and Succinate (L nS ) units was calculated using equations 2 and 3 respectively, according to Yamadera and Murano 62 . Table 1 summarizes the corresponding values and it can be seen that by increasing the EF ratio in copolymers the corresponding block length is also increased and the same appears for ES blocks when the ES ratio was higher. heating at that rate, because of their relatively slow crystallization rates. Therefore, the crystalline system under study is isodimorphic, implying cocrystallization as will be also discussed in the WAXD study section. The Couchman-Karasz equation was also tested for the case of the T g variation for the PEFSu copolymers. The Couchman-Karasz (C-K) equation is given by 64 : Figure 4 , the C-K prediction did not fit very well the experimental values.
Glass transition temperatures (T
Finally, the Gordon-Taylor equation was elaborated 65 :
where T g1 and T g2 are the T g for the two homopolymers, w 1 amd w 2 are the weight fractions and k is the ratio of the heat capacity change of PEF over PESu, which is associated with the degree of phase homogeneity in polymer blends or with the intensity of the intermolecular interactions 66 . The Gordon Taylor model seemed to fit better the experimental data than all the applied models.
In general, PESu and especially PEF proved to be slowly crystallizing. As was expected, the related copolymers showed even slower crystallization rates. Therefore, a self-nucleation scheme was applied prior to accelerate the phenomena and test the isothermal crystallization of the copolymers within a reasonable experimental timescale. Self-nucleated crystallization of several polymers has been studied recently. In fact, Muller and co-workers, as well as others, proved that measuring isothermal crystallization rates after self-nucleation with DSC, is a reliable method for evaluating crystallization rates even for the application of the Lauritzen-Hoffman analysis 67 . Figure 5a shows the crystallization half-times for PEF and EF rich copolymers. The corresponding plots for PESu and ES rich copolymers are shown in Figure 5b . From the corresponding plots it is obvious that there is an increase of the crystallization half-times with increasing comonomer unit content, showing retardation in the phenomenon. Also, the temperature window for crystallization shifts to lower temperatures and it becomes narrower. This is caused by two factors. On the one hand, the melting temperatures of the copolymers were reduced with increasing content so, for given crystallization temperature, the degree of supercooling was reduced. On the other hand, incorporation of comonomer units in the macromolecular chain reduces symmetry which in turn causes restrictions in crystallizability. 
Multiple melting behavior
Polyesters most commonly show multiple melting in subsequent heating scans after isotherm crystallization. For PEF it was found that appearance of multiple melting depends on the crystallization temperature 56, 68, 69 . Sbirrazzuoli and coworkers have reported that the multiple melting of PEF occurs due to recrystallization during heating and not due to the different distributions of lamellar thickness of the material 70 . Figure 6a T c . This should be attributed to the higher degree of perfection of the generated crystals and to lamellar thickening. Moreover, in the DSC traces shown in Figure 6b , the melting behavior of the PEFSu 17/83 copolymer after isothermal crystallization at various temperatures can be also seen. Two things should be pointed out in these curves. Firstly, the melting temperature is substantially reduced compared to the neat PESu (Figure 6c ). Secondly, there was a more pronounced multiple melting behavior in the case of the copolymer, but unlike neat PESu, the ultimate melting temperature was not dependent on the crystallization temperature. This should be associated with a much more pronounced crystal perfection and thickening in case of the neat PESu homopolymer. The presence of the comonomer units along the macromolecular chains seemed to restrict not only the crystallization rates but also the crystal stability. 
Cocrystallization behavior
As was reported before, in copolyesters where the two crystallizable components A and B, are also compatible in each crystal lattice, cocrystallization can be observed which can be classified as isomorphism or isodimorphism 41 . Isomorphism is met when the two components occupy about the same volume, so the chain conformations of both corresponding homopolymers are compatible with either crystal lattice and only one crystalline phase which contains both comonomer units is observed at all compositions. The phenomenon is evidenced by a clear melting temperature, or by the appearance of crystallinity over the entire copolymer composition.
In isodimorphism two crystalline phases are observed 71 For PEF, the crystal structure was estimated in an early study by Kazaryan comonomer inclusion. This is also associated with lower degree of crystallinity and defective crystal structures. It should be noticed here that these two copolymers showed a broad melting temperature range, with the ultimate melting temperature to be higher than that of pure PESu.
The interplanar spacing was calculated for all copolymers based on the main reflections of the diffractograms presented in Figure 7a . As it can be seen in Figure   7b , an increase in the d-spacing and subsequently to the cell unit dimensions, is recorded for most reflection angles with decreasing EF content, as a result of the increasing ES comonomer, which is bulkier than the one of EF. The specific behavior is associated with isodimorphic cocrystallization, as was expected from the study of the melting point and the appearance of a pseudo-eutectic behavior. In the equation of Flory 50 :
Χ Β is the concentration of the minor comonomer B units in the polymer and 
where,
is the equilibrium fraction of repeat units B that are able to crystallize, and  is the excess free energy of a defect created by the incorporation of one B unit into the crystal.
The basic concept in the theory of Baur, is that homopolymer sequences of length ξ may be included into crystals of lamellar thickness corresponding to that length 53 :
is the average length of homopolymer sequences in the melt.
Wendling and Suter combined both inclusion and exclusion models to arrive to the following equation 54, 78, 79 :
where X CB is the concentration of the B units in the crystal. In the equilibrium comonomer inclusion, the concentration of B units in the crystal is given by:
Substitution of CB X in equation 8 by equation 9, gives a simplified equation following equilibrium inclusion model:
Uniform inclusion is reached if Various thermodynamic models were tested for the melting point depression of PEFSu. The temperature corresponding to the end of the melting peak was used, as an approach of the equilibrium melting temperature. Also, in our calculations, the equilibrium melting enthalpy was taken to be 25 kJ/mol for PEF 56 and 26 kJ/mol for PESu 57 .
As can be seen in Figure 8 
PLOM observations during melt crystallization
Polarized light optical microscopy was utilized for the observation of the spherulitic structure of the copolymers after isothermal crystallization at various temperatures.
As it can be seen in Figure 9a- 
Enzymatic hydrolysis
As the amount of plastic waste continually grows, the use of biodegradable polymers is becoming more and more essential. 2,5-FDCA-based polyesters can be prepared from monomers derived from renewable resources but these polyesters are not biodegradable materials. However, from soil-burial tests along with enzymatic degradation experiments, it was proposed that these polyesters could be potentially biodegradable 80 . In a recent study, PEF powders of various molecular weights (6, 10 and 40 kDa) were synthesized and their susceptibility to enzymatic hydrolysis was investigated 81 . According to LC/TOF-MS analysis, it was found that cutinase 1 from Thermobifida cellulosilytica liberated both 2,5-furandicarboxylic acid and oligomers of up to DP4. The enzyme preferentially hydrolyzed PEF with higher molecular weights but was active on all tested substrates. However, this is not a proof the PEF is a biodegradable polyester. On the other hand, while aliphatic polyesters such as PESu are easily hydrolysed, their mechanical properties are poor. Therefore copolymerizing it with aromatic moieties can result in both better properties and acceptable enzymatic hydrolysis rates 82 . Commercial aliphatic-aromatic copolyesters are available in the market, for example Ecoflex ® which is a product of BASF. Aromatic polyesters such as PET or PEF are regarded as non-biodegradable, so the copolymerization of FDCA with aliphatic acids is expected to induce biodegradability. Enzymatic hydrolysis rate is known to depend on the hydrophilicity, the chemical structure, the mobility of the amorphous phase and also the crystallinity 83, 84 .
The weight loss % of the copolyesters during enzymatic hydrolysis over a course of 30 days is presented in Figure 11 . While PESu lost 30% of its initial weight after a month, copolymers containing furanoate units showed negligible hydrolysis rates. As the content in succinate increases, the enzymatic hydrolysis rate is also increased. In succinate contents up to 50%, weight loss is relatively small (maximum 6%) but measureable within the first month. Significant hydrolysis can be induced it higher contents. PEFSu 17/3 and PEFSu 11/89 lost 15% and 12.5% of their initial weights in 1 month. The furan ring makes the access of enzymes to the ester group more difficult, because it causes the macromolecular chain of PEF to be rigid since ring-flipping is hindered by the nonlinear axis of furan ring rotation coupled with the ring polarity. Additionally, melting temperature and glass transition temperature of the copolymers increase with increasing the furanoate content, so the mobility of the macromolecular chains is decreased, further reducing the hydrolysis rates. Similar results were obtained in our previous work with aliphatic-aromatic copolymers 61 , as also by other researchers 82, 85 . In the case of furanoate copolymers it was found that copolymerization of PEF with lactic acid enhanced its hydrolysis rate 86, 87 , as also the presence of butylene adipate in poly(butylene furanoate) polyester resulted in accelerated hydrolysis by lipase 88 . This behavior is attributed to the higher hydrophobicity of the furanoate units and the increased rigidity they provide, therefore less mobility of the macromolecular chains. 
Conclusions
Random poly(ethylene furanoate-co-ethylene succinate) copolymers with several fuaranoate/succinate molar ratios have been successfully prepared by melt polycondansation procedure. The influence of the increasing EF (or ES) content on the melting and crystallization behavior, crystalline structure and enzymatic hydrolysis were studied in detail. Most of the produced copolymers are semicrystalline materials with thermal properties depending directly on the composition. The melting and glass transition temperatures were found to decrease with increasing ES content, while increase in the EF content caused a slight decrease in the cell dimensions of the copolymers. Moreover, from the study of the melting point of the copolymers, a pseudo-eutectic behavior was observed at ED/ES fraction of 30/70, which was further confirmed by WAXD. The specific behavior is associated with isodimorphic cocrystallization. From the enzymatic hydrolysis study, the copolymers with high succinic acid amounts are hydrolysable materials with the help of Rhizopus delemar lipase and Pseudomonas Cepacia lipase. However, up to a 50 mol% PEF content, measurable losses in weight were shown. Thus, these copolymers are excellent biodegradable materials, which along with the fact that they can be prepared directly from monomers derived from renewable resources, makes them attractive for various applications and uses.
